Study design: Cross-sectional study.
INTRODUCTION
Neuroplasticity is the central nervous system's ability to adapt when exposed to changes. It presents itself in varied situations, from memory processes to recovery from injuries. 1, 2 Dynamic changes associated with recovery may be observed in a diversity of complementary diagnostic tests. Imaging studies, such as computerized tomography and nuclear magnetic resonance imaging, do not correlate directly to the clinical status of subjects and provide less functional information regarding the, sometimes subtle, recovery of the patients. On the other hand, studies with electromyography (EMG), evoked potentials and interlimb reflexes (ILR) are better suited to assess the physiology of specific neural pathway. 3 Studies on ILR have gained importance over the past years. ILR pathway represents an interconnection between upper and lower limbs. Thus, stimulus applied on cutaneous nerves of the upper limb can evoke motor response on contralateral lower limb, and vice versa. Although there are still few studies on the matter, some authors have found ILR in healthy subjects and correlated it with bipedal gait and spatial orientation. [4] [5] [6] [7] Other studies claim that the ILRs found in spinal cord injury (SCI) patients are due exclusively to cellular modifications on the injury level and a new proprio-spinal pathway, 8, 9 which may suggest a regeneration process. Recent studies have identified the existence, but have not yet established objective measures of the ILRs.
In the present study, two groups of SCI patients and one healthy control group are analyzed for a better understanding of ILR, in an attempt to establish objective parameters for future use in the evaluation of inter-and intrasubject clinical evolution. Objective analysis of the proprio-spinal pathway responsible for the ILR may present the possibility of interlimb recovery therapy, in which stimulation of lower limbs could help improve upper limbs functionality and vice versa, leading to new therapeutic options for SCI patients. In tetraplegic patients, increased functionality of upper limbs has a fundamental role in a better quality of life, increasing also the subject's independence regarding routine activities and self-esteem.
MATERIALS AND METHODS Subjects
In this study a total of 25 subjects were analyzed and divided into three groups. Group 1 was composed of six male tetraplegic patients with sensory level 10 between C1 and C4 (Asia Impairment Scale (AIS)-A 10 n = 5, AIS-B n = 1), with a mean (s.d.) age at lesion of 25.16 (4.16) years, ranging from 20 to 31 years, and chronic traumatic lesion for a mean age of 12.00 (4.29) years, ranging from 7 to 17 years. Group 2 was composed of nine male tetraplegic patients with a sensory level between C5 and C8 (AIS-A n = 7, AIS-B n = 1 and AIS-C n = 1), with a mean age at lesion of 26.44 (6.07) years, ranging from 19 to 34 years, and chronic traumatic lesion for a mean of 10.55 (2.92) years, ranging from 6 to 14 years. Finally, a control group was composed of 10 healthy subjects (8 males and 2 females), with a mean age of 22.00 (1.58) years, ranging from 22 to 26 years, without clinical history on neurologic disorders. The exclusion criterion for groups 1 and 2 was a time since traumatic injury o1.5 years, for properly central nervous system (CNS) adaptation. 2 For the control group, the exclusion criterion was the existence of a previous diagnosis of neurological or degenerative disease. All experiments were approved by the Research Ethics Committee of the University Hospital of State University of Campinas.
Procedure
To explore both directions of the interlimb contralateral pathway, two tests were performed:
In test 1, the stimulus was applied at the radial nerve of the right arm surface and the EMG signal collected on the contralateral left leg anterior tibial muscle surface. In test 2, the stimulus was applied at the fibular nerve surface on the left leg fibula head and EMG signal was collected on the surface of contralateral limb biceps brachii, exploring the opposite direction of the pathway.
In both the tests, the subjects were relaxed and seated while they were stimulated with intensities from 5 to 30 mA (5 mA step), with 40 sweeps of 500 μs current modulated single pulses, for each current increment. To properly cancel noise and mechanical artifacts, the pulses were randomly distributed into frequencies from 1.8 to 2.2 Hz. The entire procedure was repeated three times per patient, each repetition using a different single-pulse stimulation waveform, 11 called mode. A standard square wave was applied in mode 1, a triangular wave in mode 2 and a quadratic wave in mode 3. In all three modes, monophasic single pulses were used with the same intensities and the same duration (500 μs). The current charge difference from each waveform was taken into account in the data analysis. The stimulation charge was computed accordingly to the stimulation intensity and waveform, with the following formula:
where I represents the current intensity, and t1 to t2 is the stimulus time, which in this case is a constant (500 μs).
The application of this neuromodulation methodology enables the exploration of new descriptive parameters for the evaluation of the interlimb propriospinal pathway.
EMG signal was acquired with a 2000 Hz sampling frequency, amplified with a gain of 1000, 12 bits of resolution and bandpass filtered from 25 to 550 Hz. A combined wireless, miniaturized and synchronized unit specifically developed with PLUX 12 was used for EMG acquisition and nerve-stimulation hardware. 13 Self-adhesive pre-gelled Ag/AgCl electrodes were used for EMG acquisition and peripheral nerve stimulation. The acquisition electrodes were placed according to SENIAM standards 14 and the ground electrode was placed at the radius' styloid apophysis. Figure 1 illustrates the procedure for EMG acquisition and electrical stimulation in both tests. A schematic representation of the interlimb contralateral pathway is also included in this figure.
Data analysis
The first step of data analysis was to automatically detect the incidence of ILR in all subjects. After automatic detection, all the ILR sweeps were still visually validated individually by four MD specialists.
For the subjects with ILR incidence, in the EMG signal, the peak reflex amplitude values were automatically withdrawn. Only the first reflex after stimulus was considered to explore the shortest possible pathway for ILR.
The electromyographic signal was acquired and stored continuously. Each sweep was stored with a time window from −50 ms to 250 ms (considering 0 ms as the stimulus moment).
Reflexes were extracted from the averaging of the 40 EMG sweeps, acquired in each stimulation intensity (5-30 mA pulses with 5 mA step). Peak-to-peak amplitudes and latencies were computed from the resulting mean wave. For amplitude, the absolute difference between maximum and minimum values of the first reflex was considered. For latencies, the time distance between stimulus and reflex first peak point (maximum or minimum) was considered. The mean and s.d. value for amplitudes and latencies, in each intensity step, was computed for groups 1, 2 and control.
All the data analysis and results gathering was done using signal processing scripts developed in Python. 
RESULTS
Each group was analyzed with regard to the reflexes' incidence, amplitude and latency. The intersubject incidence of ILR enables the analysis of the number of subjects that elicited significant reflexes in comparison with the total number, n, of the analyzed population. Table 1 provides the results for the intersubject incidence of reflexes for the three groups, different stimulation modes and tests. The incidence was~50% for both tests and groups. Test 2 generally elicited more occurrence of reflexes.
Figures 2a and b present an example EMG signal, acquired in each intensity step (from 5 to 30 mA), for one healthy and one SCI subject, respectively. Figure 2b is representative of the findings in both SCI groups (G1/G2) and tests.
The stimulation instant is marked with a thick vertical line at 0 ms, partially covering the stimulation artifact. Comparing the results of both figures, we found a different behavior in the control group versus the SCI groups. Although the reflex latency for the healthy subjects remains almost unaltered with the increase of stimulation intensities in the SCI groups, the latency shows a notorious rise tendency pattern. Figure 3 presents the mean values of the reflexes' peak-to-peak amplitudes from each group related to the stimulation intensities applied in all participants. This figure was compiled with results from test 1 and mode 1, but is consistent with both tests and stimulation modes. The reflexes' peak-to-peak amplitude remains almost constant with the different stimulation intensities for all three groups. However, there is a distinct difference among the groups regarding its base amplitude value.
As differences were found between groups regarding the reflexes' latency (as seen in Figures 2a and b) , an analysis of this parameter was compiled in Figures 4a and b . These figures present the results of the mean reflexes' latency from each group related to the stimulation charge for tests 1 and 2, respectively.
The reflexes' latency shows different behaviors regarding each group and, unlike the reflex amplitude, is correlated with the stimulation charge-showing different increase tendencies for each group. Table 2 compiles the linear tendency equations and R 2 for each group between stimulation charge and latency response.
In some patients (n = 2 from group 1), during the acquisition procedure, a prominent twitch-like movement of the upper contralateral limb, following the stimulation frequency, was also verified.
DISCUSSION

Incidence
The intersubject incidence of ILR, either in healthy subjects or in patients with SCI, is involved in scientific controversy. [4] [5] [6] [7] This study evaluates the ILR incidence in healthy subjects and SCI subjects through the same methodology, for a proper discussion. Although, for Figure 3 Reflexes' mean peak-to-peak amplitude in μV (with s.d. error bars) related to the stimulation intensity for test 1 and the three groups. Table 1 Number of subjects, from each group, that elicited significant reflexes in the three stimulation modes versus the total number of subjects analyzed
G2 (C5-C8), n = 9 4 6 Control, n = 10 5 5 this analysis, the sample is not sufficiently significant, in this study the intersubject incidence was revealed to be uncorrelated with the clinical condition of the patient or stimulation charge. These results support the latest works exploring ILR on healthy subjects 4-7 and SCI patients. 2 It was verified that the intersubject incidence is always higher for test 2, with the stimulation on fibular nerve and acquisition at biceps brachii, than for test 1. These results suggest a higher excitability of this pathway than in the opposite direction.
Amplitude
Previous works with healthy subjects analyzed the ILR amplitude of each subject, normalizing the amplitude with their maximum voluntary contraction. [4] [5] [6] [7] Owing to the clinical condition of the SCI patients, a different normalization process needs to be implemented. For reliable comparison between different groups, the ILR amplitude was analyzed by referring to the measured absolute value (in μV).
Although the amplitude of the ILR measured from the EMG signal can be highly correlated with external factors, some conclusions are prominent. A correlation between the ILR amplitude and the clinical condition of the patient is verified. In this case, healthy subjects produce generally ILR with higher amplitudes than the SCI subjects. This fact was expected as the SCI patients can have a compromised nerve conductivity. Within the ILR subjects, the highest injury group, group 1, shows amplitudes above the lowest injury level group, group 2. Possibly this is explained by the higher proximity between the interlimb connection level and the lesion level for the lowest injury group (group 2 C5-C8).
It was also found that the amplitude of the responses analyzed does not expose an obvious correlation with the amplitude/charge of stimulation. Table 2 Linear tendency equations and correspondent R 2 of latency versus charge for all groups and tests 
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Latency
Regarding the ILR latency on healthy subjects, it is verified that there is a small correlation between stimulation intensity and charge with the reflex latency. In test 1 the latency was stable, with a very low linear uprising tendency (between 40 and 60 ms). In test 2, for the same group, the latency was~40 ms, independently of the stimulation intensity or charge. These results are in accordance with the standards for the healthy nerve conduction speed. 15 A strong correlation of the ILR latency with the electrical pulse charge is verified in SCI patients.
As it can be seen in a more prominent way in test 2 (Figure 4b) , the latency evolves with stimulation charge, independently of the injury level. The linear equations and R 2 present in Table 2 show a stronger correlation for groups 1 and 2 than for the control group. In test 1, group 1, the rising tendency is influenced by one SCI subject outlier (AIS-A) that revealed a different behavior with no latency increase response ( Figure 5 ). This pattern was previously reported by McNulty and Burke, 16 where the only patient analyzed showed a similar response. However, even with this outlier subject, the rising pattern is still linear, with a R 2 value of 0.96. Analyzing ILR latency referent to the first stimulation charge (base latency), some differences emerge between tests 1 and 2. Whereas in test 1 the base latency is identical in both SCI (G1/G2) and control groups (average = 44.318 ms; std = 3.466 ms; n = 10), in test 2 the SCI subject's latency starts with an offset. The lowest latency for SCI subjects in test 2 is~90 ms (average = 96.389 ms; std = 2132 ms; n = 9), whereas for the control group it is 40 ms (average = 43 ms; std = 1414 ms; n = 3).
All these facts strongly suggest different pathways between SCI patients and healthy subjects.
Supporting theories
ILRs have been previously explored in healthy subjects and are hypothesized to facilitate a reciprocal gait coordination mechanism for bipedal locomotion that is mediated by long propriospinal fibers. [4] [5] [6] [7] However, Calancie et al. 2 state that the ILRs arise through an exclusive SCI patients' pathway, emerging from a regenerative sprouting process of ascending afferent fibers, which do not reconnect again into the original target populations. It is assumed that this process is triggered after denervation of the spinal tract caused by the injury and that this new pathway, generated only 6 months after injury, is strengthened over time. Calancie et al. 2 have not verified the existence of ILR in healthy subjects and state some inconsistency of the ILR mechanism studied in healthy subjects by Zehr et al. 17 in comparison with the reported mechanism in SCI patients.
In this study, the same methodology was applied for the first time to both healthy and SCI subjects. The results are consistent with the previous studies that reported the presence of ILR in healthy subjects. The comparison conducted in this study also supports the idea of a different ILR transmission mechanism between healthy and SCI subjects, strongly reinforcing the hypothesis of nerve regeneration after spinal cord acute injury. This is concluded mainly owing to the differences in latency response to stimulation charge (Figures 2a and b , and Figures 4a and b) .
This study evaluated the ILR transmission mechanism in SCI patients and compared them with a healthy control group. It was possible to establish descriptive parameters for the ILR cortico-spinal pathway characterization. With these results the ILR pathway can now be explored from the functional interlimb rehabilitation and training perspective for tetraplegic patients.
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